1. Introduction {#sec1-nanomaterials-08-00665}
===============

Actively tunable switches are among the key devices in optical communication systems and integrated circuits. A main category of switches in previous literature is based on waveguide structures, which is suitable for on-chip application. In this category, the switching mechanism relies on the modulation of optical properties of waveguide composite materials, such as electro- and thermo-optical materials \[[@B1-nanomaterials-08-00665],[@B2-nanomaterials-08-00665],[@B3-nanomaterials-08-00665]\]. One of the desired features of a switch is miniaturization, requiring deep subwavelength scales of both the waveguide structure and concentration of light. To this end, surface plasmon (SP) waveguides and metamaterials (metasurface) have been investigated and proposed to obtain optical switching devices \[[@B4-nanomaterials-08-00665],[@B5-nanomaterials-08-00665],[@B6-nanomaterials-08-00665],[@B7-nanomaterials-08-00665],[@B8-nanomaterials-08-00665]\]. However, metals also bring large intrinsic losses and metasurfaces are still bulky, restricting the practical application of SP switching.

Graphene has emerged as a fascinating alternative for metal due to its flexible tunability and high confinement of light with relatively low loss in the terahertz region \[[@B9-nanomaterials-08-00665],[@B10-nanomaterials-08-00665],[@B11-nanomaterials-08-00665]\]. By tuning the Fermi level, graphene may behave like a thin metal and strongly interact with incident light, thus motivating SPs along the surface of the graphene sheet. It can harness, squeeze, and manipulate electromagnetic waves via simply applying an external applied voltage, leading to the manipulation of graphene SPs at the graphene/dielectric interface \[[@B12-nanomaterials-08-00665],[@B13-nanomaterials-08-00665]\]. These unique properties make graphene a suitable candidate for tunable and compact terahertz switching devices. Yarahmadi et al. proposed a subwavelength terahertz switch based on a Y-branch graphene/gold hybrid structure \[[@B14-nanomaterials-08-00665]\]. They further reported a graphene-based plasmonic waveguide, performing as a switch or an AND/OR logic gate at a frequency of 6 THz \[[@B15-nanomaterials-08-00665]\]. Wu et al. further designed all-optical logic devices based on graphene SPs to achieve six different basic logic gates by utilizing interference between the SPs wave in different channels \[[@B16-nanomaterials-08-00665]\]. Recently, Peng et al. proposed a general theoretical model to obtain the optimal solution for a linear-optical logic gate \[[@B17-nanomaterials-08-00665]\]. However, it is still urgent to develop terahertz switches with multiple-input multiple-output (MIMO) due to the requirement of the communication system to have a large capacity.

In this study, we systematically investigated different types of optical switches at a frequency of 30 THz, including Y-branch (1 × 2), X-branch (2 × 2), single-input three-output (1 × 3), two-input three-output (2 × 3), and two-input four-output (2 × 4) switches. These devices are based on graphene waveguides, consisting of a graphene monolayer, PMMA (poly methyl methacrylate methacrylic acid) interlayer, and silicon substrate. Numerical simulation results demonstrate that the effective optical response of the proposed waveguide structure can be tuned in the subwavelength scale via an external gate voltage, therefore achieving ON/OFF or "1/0" states. Based on this result, we further designed terahertz optical switches to realize several logic gates with the aid of an external gate voltage. We show that the transmission direction can be well manipulated, demonstrating the superior performance of graphene in terahertz switching.

2. Theory and Simulation Method {#sec2-nanomaterials-08-00665}
===============================

[Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}a--e schematically show the Y-branch (1 × 2), X-branch (2 × 2), single-input three-output (1 × 3), two-input three-output (2 × 3), and two-input four-output (2 × 4) terahertz switches, respectively. The switches consist of graphene, PMMA, and silicon substrate, supporting graphene-based SPs. In this structure, the thickness of the silicon substrate and PMMA are set at 200 nm and 50 nm, respectively. Meanwhile, the graphene monolayer is treated as an ultrathin film layer with a thickness of Δ = 1 nm \[[@B18-nanomaterials-08-00665],[@B19-nanomaterials-08-00665],[@B20-nanomaterials-08-00665]\]. The permittivity of silicon and PMMA is 11.7 and 2.25, respectively. The relative permittivity of graphene is set as:$$\varepsilon_{g} = 1 + \frac{i\sigma_{g}}{\omega\varepsilon_{0}\Delta}$$ where $\varepsilon_{0}$ is the permittivity in vacuum. In terahertz range, the surface conductivity $\sigma_{g}$ of the monolayer graphene can be characterized by the Kubo formula \[[@B21-nanomaterials-08-00665]\] as a sum of two terms: $\sigma_{g} = \sigma_{intra} + \sigma_{inter}$. The first term corresponds to the intra-band electron-photon scattering is expressed as:$$\sigma_{intra} = i\frac{e^{2}K_{B}T}{\pi^{2}\left( {\omega + i\tau^{- 1}} \right)}\left\lbrack {\frac{\mu_{c}}{K_{B}T} + 2\ln(\exp( - \frac{\mu_{c}}{K_{B}T}) + 1)} \right\rbrack$$

The second term corresponds to the inter-band transition contribution and is expressed as:$$\sigma_{inter} = i\frac{e^{2}}{4\pi\hslash^{2}}\ln\left\lbrack \frac{2\left| \mu_{c} \right| - \hslash(\omega + i\tau^{- 1})}{2\left| \mu_{c} \right| + \hslash(\omega + i\tau^{- 1})} \right\rbrack$$ where *e* is the electron charge, $K_{B}$ is the Boltzmann's constant, $T$ is the temperature, $\mu_{c} = \hslash v_{f}{(\pi n_{s})}^{1/2}$ is the chemical potential, $\omega$ is the angular frequency, $\hslash$ is the reduced Planck's constant, and $\tau = \mu\mu_{c}/(ev_{f}^{2})$ stands for the momentum relaxation time due to charge carrier scattering. The Fermi velocity $v_{f}$ is set at 10^6^ m/s, and the carrier mobility of graphene $\mu$ is assumed as 4 m^2^/V·s at $T = 300$ K \[[@B22-nanomaterials-08-00665],[@B23-nanomaterials-08-00665]\]. In particular, the doping level of graphene $n_{s}$ shows a linear dependence on the external gate voltage as $n_{s} = \varepsilon_{p}\varepsilon_{0}V_{b}/(eh)$ \[[@B24-nanomaterials-08-00665]\], where $\varepsilon_{p}$ and $h$ are the relativity permittivity and thickness of PMMA, respectively, and $V_{b}$ is the external voltage.

The above description indicates that we can control the optical conductivity of graphene by adjusting the external applied voltage or dielectric thickness. To demonstrate, we applied a voltage bias to the graphene/PMMA/Si, as schematically shown in [Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}f. The dependence of the chemical potential on the bias voltage is plotted [Figure 2](#nanomaterials-08-00665-f002){ref-type="fig"}a, presenting that an increased bias voltage (from 0 V to 120 V) results in a monotone increase of chemical potential.

As is well known, graphene sheets can behave optically similar to ultrathin metallic films; therefore, our approach could realize terahertz switches by utilizing graphene-based SPs. The influence of the Si substrate on the SP dispersion can be neglected in our proposed architectures due to the thick PMMA layer \[[@B25-nanomaterials-08-00665]\]. Therefore, the dispersion relation of graphene-based SPs can be derived as follows \[[@B26-nanomaterials-08-00665],[@B27-nanomaterials-08-00665],[@B28-nanomaterials-08-00665],[@B29-nanomaterials-08-00665]\]:$$\frac{\varepsilon_{c}}{k_{0}\sqrt{n_{eff}^{2} - \varepsilon_{c}}} + \frac{\varepsilon_{p}}{k_{0}\sqrt{n_{eff}^{2} - \varepsilon_{p}}} + \frac{i\sigma_{g}}{\omega\varepsilon_{0}} = 0$$ where $k_{0} = 2\pi/\lambda$ is the free-space wave vector of light, $\lambda$ is the incident wavelength in vacuum, $n_{eff}$ is the effective refractive index of the SP mode, $\varepsilon_{c}$ denotes the relative permittivity of air, and $\varepsilon_{p}$ is the relative permittivity of PMMA. Here, we set $\varepsilon_{c} = 1$ and $\varepsilon_{0} = 8.854 \times 10^{- 12}$. According to Equation (4), the surface conductivity of graphene determines the effective refractive index $n_{eff}$ of the SP mode, which is extremely sensitive to $h$ and $V_{b}$. Generally, the effective refractive index decreases with increasing $V_{b}$ due to the enlarged electric field. In the terahertz region, the surface conductivity of graphene can be simplified into the Drude-like form \[[@B12-nanomaterials-08-00665],[@B19-nanomaterials-08-00665]\]. From the above equations, the real part of the effective refractive index can be approximated as:$${Re}\left( n_{eff} \right) = \omega\pi\hslash\left( {\varepsilon_{d} + 1} \right)/\left\{ {\eta_{0}e^{2}v_{f}\left\lbrack {\pi\varepsilon_{d}\varepsilon_{0}V_{b}/\left( {eh} \right)} \right\rbrack^{0.5}} \right\}$$

Note that the above dispersion equation is obtained only considering the influence of external voltage $V_{b}$ \[[@B25-nanomaterials-08-00665]\]. [Figure 2](#nanomaterials-08-00665-f002){ref-type="fig"}b shows that the effective refractive index of the graphene-based SPs can be electrically modified. The real part of the effective mode index decreases as the voltage bias $V_{b}$ increases, causing the reduction of SPs' mode confinement. In addition, the imaginary part also decreases sharply as $V_{b}$ increases, which indicates that the propagation loss of SPs decreases \[[@B30-nanomaterials-08-00665],[@B31-nanomaterials-08-00665],[@B32-nanomaterials-08-00665],[@B33-nanomaterials-08-00665],[@B34-nanomaterials-08-00665]\]. Hence, it is expected that the longer propagation distance of the SPs occurs at a larger bias voltage.

To demonstrate the effectiveness of our designs, numerical simulations were performed using the finite element method. Noting that during the experimental fabrication, the chemical treatment and crystal growth direction may result in imperfections in the graphene, such as the formation of polycrystalline graphene from folding defects. This would improve the light absorption of graphene \[[@B35-nanomaterials-08-00665],[@B36-nanomaterials-08-00665]\]. However, we only numerically investigate the ideal single layer graphene for simplicity. A plane wave at a frequency of 30 THz is normally incident from the −*x* direction. Graphene-based surface plasmons (GSPs) will be excited so that the electromagnetic energy is strongly concentrated near graphene and propagates along the graphene layer. Perfect matched layers have been used to absorb any reflected and transmitted field. As shown in [Figure 2](#nanomaterials-08-00665-f002){ref-type="fig"}c, when the graphene is biased to $V_{b} = 1\ V$, the SPs wave propagate a very short distance and no signal reaches the output port. This is labeled as the OFF or "0" state. As shown in [Figure 2](#nanomaterials-08-00665-f002){ref-type="fig"}d, while the bias voltage increases to $V_{b} = 100$ V, the SPs have a long wave propagation distance and can reach the output port. This is labeled as the ON or "1" state. Therefore, the propagation of the SPs wave can be switched ON or OFF ("1" or "0") by modifying the bias voltage. To optimize our proposed optical switch, we investigated the dependence of the graphene waveguide and the working bandwidth was about 0.7 µm (not shown here). Accordingly, we chose the center wavelength to be 10 um. Subsequently, we demonstrated the potential of the proposed scheme for active switching in practical applications by designing several switches.

3. Results and Discussion {#sec3-nanomaterials-08-00665}
=========================

3.1. Y-Branch Switch {#sec3dot1-nanomaterials-08-00665}
--------------------

Based on the structure presented above, we designed a Y-branch (1 × 2) plasmonic switch, as shown in [Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}a. The geometry parameters of the input block are W = 800 nm and *L*~1~ = 500 nm. The output block consists of two identical output ports with *L*~1~ = 1000 nm and *L*~2~ = 1500 nm. The bias voltage of the top graphene layer of the input block is kept at $V_{b} = 100$ V. [Figure 3](#nanomaterials-08-00665-f003){ref-type="fig"}a shows the electric field distributions when both output blocks are biased to $V_{b} = 1~V$. It is easy to see that both branch arms of the Y-block are OFF, corresponding to the "00" logic state. [Figure 3](#nanomaterials-08-00665-f003){ref-type="fig"}b,c illustrates the electric field distributions of the "01" and "10" states, respectively, when one of the output blocks is biased to $V_{b} = 100$ V and the other to $V_{b} = 1$ V. When both arms are biasing with $V_{b} = 100$ V, the switching is in the "11" state, as depicted in [Figure 3](#nanomaterials-08-00665-f003){ref-type="fig"}d.

In order to investigate the performance of the Y-branch (1 × 2) switch, [Table 1](#nanomaterials-08-00665-t001){ref-type="table"} summarizes the transmission coefficient of each output channel at different switch states, calculated by dividing the energy of the output side by that of the input side. For the high external voltage ($V_{b} = 100$ V) at the output branch, which is "1", the transmission coefficient is about 10%. For the low external voltage ($V_{b} = 1$ V) at the output branch of transmission, the corresponding transmission coefficient is zero.

3.2. X-Branch Switch {#sec3dot2-nanomaterials-08-00665}
--------------------

[Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}b schematically shows an X-branch (2 × 2) switch, in which the two input branches are "I" and "II", and two output branches are "III" and "IV". The geometry parameters were chosen as: *W* = 400 nm, *h* = 50 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm, *d*~1~ = 200 nm. Due to the symmetry of the structure, we first took the example of branch "I" and "II" as the ON and OFF states, respectively. The states of "III" and "IV" can be well controlled due to the electrical tunability of graphene, as demonstrated in [Figure 4](#nanomaterials-08-00665-f004){ref-type="fig"}a--c. When the external voltage of branch "III" is $V_{b} = 100$ V, the input electromagnetic field from branch "I" can propagate along the output branch "III". On the contrary, when the external voltage of branch "III" is set to $V_{b} = 1$ V, it cannot propagate on this branch. In addition, we can see a similar response for branch "IV". We also explored the condition when both branches "I" and "II" are in the ON state. [Figure 4](#nanomaterials-08-00665-f004){ref-type="fig"}d,e further demonstrate that the output state can be switched to "00" and "11".

[Table 2](#nanomaterials-08-00665-t002){ref-type="table"} summarizes the transmission coefficients of the output channels "III" and "IV" at different states. When a high voltage is applied at any output branch, the graphene-based SPs have a low propagation loss and high confinement. Therefore, the transmission coefficient of this output port will be at a high level, reaching the highest value of almost 40%. In contrast, when we set a low voltage at any output branch, the graphene-based SPs have an extremely high propagation loss. Thus, the transmission coefficient of the port is zero, corresponding to the OFF state, and there is no energy transmitted through this output branch.

3.3. Single-Input Three-Output Switch {#sec3dot3-nanomaterials-08-00665}
-------------------------------------

[Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}c shows the 1 × 3 switch, where the single input port is labeled as "I", and three output branches are labeled as "II", "III", and "IV". The geometry parameters were chosen as: *W* = 400 nm, *W*~1~ = 200 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm. In [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}a--c, we obtained the state in which one of the output branches is ON and the other two are OFF. Specifically, we applied a high voltage of $V_{b} = 100$ V at one arbitrary output branch and a low voltage of $V_{b} = 1$ V at the other two output branches. In [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}a, the output branch "II" is ON and branches "III", "IV" are OFF. Therefore, the input electromagnetic field can only pass through the output branch "II" and is prohibited in the other two output branches, which means that the total output state is displayed as "100". Similarly, [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}b,c display the output states of "010" and "001", respectively. In [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}d--f, we found that one of the output branches is OFF and the other two are ON. Specifically, we applied a low voltage of $V_{b} = 1$ V at one arbitrary output branch and a high voltage of $V_{b} = 100$ V at the other two output branches. For example, in [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}d, the branch "II" is OFF and the branches "III", "IV" are ON. Therefore, the input electromagnetic field is prohibited in branch "II" and could pass through branches "III" and "IV". This means that the total output state is displayed as "011". Similarly, [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}e,f display the output states of "110" and "101", respectively. Moreover, in [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}g,h, we showed the state in which all output branches are OFF and ON, meaning that the input electromagnetic is prohibited and can propagate through all output branches, respectively. The output states of [Figure 5](#nanomaterials-08-00665-f005){ref-type="fig"}g,h are "000" and "111", respectively.

[Table 3](#nanomaterials-08-00665-t003){ref-type="table"} summarizes the transmission coefficients of output branches "II", "III", and "IV" for all output states. When we set a low voltage at the output branch, we observed that the transmission coefficient is zero, which is defined as the OFF state. When we set a high voltage at the output branch, we observed that the transmission coefficient is high, which is defined as the ON state. Note that, although there is a transmission coefficient of about 2%, it still much higher than the OFF state (zero). Thus, we can still use this structure as an optical switch.

3.4. Two-Input Three-Output Switch {#sec3dot4-nanomaterials-08-00665}
----------------------------------

We know that multiple-input multiple-output technology is one of the key features to extend the capacity of a communication system. Therefore, we further investigated a two-input three-output (2 × 3) switch, as schematically shown in [Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}d. The geometry parameters were chosen as: *W*~0~ = 600 nm, *W*~1~ = 400 nm, *W*~2~ = 200 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm. The stimulated SP wave can be coupled into the output branch. The biasing conditions determine whether the output branches are ON or OFF. Because of the structural symmetry, we took the example of input branches "I" and "II" as ON and OFF, respectively, corresponding to the input state of "10". [Figure 6](#nanomaterials-08-00665-f006){ref-type="fig"}a--f show the electric field distributions when we control the external voltage to determine whether the electromagnetic field can pass through the output branches "III", "IV", and "V", obtaining corresponding output states. In [Figure 6](#nanomaterials-08-00665-f006){ref-type="fig"}a--c, the output branches are in the logical states of "100", "010", and "001", respectively. We further obtained the output states "110", "101", and "011" in [Figure 6](#nanomaterials-08-00665-f006){ref-type="fig"}d--f, respectively. In [Figure 6](#nanomaterials-08-00665-f006){ref-type="fig"}g,h, we demonstrate that the three output branches can be OFF and ON at the same time, corresponding to the output states of "000" and "111", respectively.

[Table 4](#nanomaterials-08-00665-t004){ref-type="table"} summarizes the transmission coefficients of the output channels "III", "IV", and "V" at different logical states. When we set a low voltage ($V_{b} = 1$ V) at each output branch, corresponding to the OFF state, the transmission coefficient is zero. When we set a high voltage ($V_{b} = 100$ V) at each output branch, corresponding to the ON state, the transmission coefficient can be much higher. Although there is a lowest transmission coefficient of about 2%, it still relatively higher than that of the OFF state (zero). Therefore, we can still consider this simple transmission line as a 2 × 3 optical switch.

3.5. Two-Input Four--Output Switch {#sec3dot5-nanomaterials-08-00665}
----------------------------------

We applied the proposed structure to a two-input four-output (2 × 4) switch, as shown in [Figure 1](#nanomaterials-08-00665-f001){ref-type="fig"}e. The geometry parameters were chosen as: *W*~0~ = 800 nm, *W*~1~ = 200n m, *W*~2~ = 400 nm, *W*~3~ = 100 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm. [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"} shows the electric field distribution of the switch at different input and output states. Firstly, we considered the case in which the input branches "I" and "II" are ON and OFF, respectively. [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"}a--f show the electric field distributions when we control the external voltage to determine whether the electromagnetic field can pass through the output branches "III", "IV", "V", and "VI". For the case in which only one output branch is ON, we took the example of an electric field that is controlled to propagate in either branch "III" or "VI". Therefore, the corresponding output states of "1000" and "0001" are achieved, as shown in [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"}a,b, respectively. For the case in which two output branches are ON, we took the example of an electric field that is controlled to propagate in either branches "III", "IV" or "IV", "V". This corresponds to the output states of "1100" and "0110", as shown in [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"}c,d, respectively. We further investigated the case in which three output branches are ON. As examples, we showed that the electromagnetic field can pass through either branches "III", "IV", "V" or "IV", "V", "VI", corresponding to the output states of "1110" or "0111", as shown in [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"}e,f, respectively. In [Figure 7](#nanomaterials-08-00665-f007){ref-type="fig"}g,h, we further demonstrated that the four output branches can be OFF and ON at the same time, corresponding to output states of "0000" and "1111", respectively.

[Table 5](#nanomaterials-08-00665-t005){ref-type="table"} summarizes the transmission coefficients of output channels "III"--"VI". When an output branch is OFF, no input energy can propagate in it and the transmission coefficient is zero. When an output branch is ON, the input energy can pass through it due to the low loss of graphene SPs. Even though the transmission coefficient is only about 2%, we can still consider the structure to be an optical switch. In future study, we will continue to explore the transmittance efficiency issue to further optimize the present work.

4. Conclusions {#sec4-nanomaterials-08-00665}
==============

In summary, we have theoretically and numerically investigated multiple-input multiple-output switches. The applied gate voltage can be employed to tune the conductivity of graphene to control whether it can be propagated at the graphene surface. Moreover, each branch can realize an ON/OFF state by adjusting the external voltage. Thus, we designed a Y-branch plasmonic waveguide to realize a single-input two-output switch by biasing an appropriate voltage at the graphene layer and Si substrate. We also designed X-branch (2 × 2), single-input three-output (1 × 3), two-input three-output (2 × 3), and two-input four-output (2 × 4) switches to realize multiple-input multiple-output transmission. All of the proposed structures together demonstrate good switching performances with high controllability and subwavelength confinement of electromagnetic waves. These structures can be widely used in the manipulation of information propagation and optical switches, and have far-reaching significance.
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![(**a**) Schematic of the Y-branch switch structure. *W* = 800 nm, *h* = 50 nm, *L*~1~ = 500 nm, *L*~2~ = 1000 nm, *L*~3~ = 1500 nm, *W*~1~ = *W*~2~ = 400 nm; (**b**) Schematic of the X-branch switch structure. *W* = 400 nm, *h* = 50 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm, *d*~1~ = 200 nm; (**c**) Schematic of the single-input three-output structure. *W* = 400 nm, *W*~1~ = 200 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm; (**d**) Schematic of the two-input three-output structure. *W*~0~ = 600 nm, *W*~1~ = 400 nm, *W*~2~ = 200 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm; (**e**) Schematic of the two-input four-output structure. *W*~0~ = 800 nm, *W*~1~ = 200 nm, *W*~2~ = 400 nm, *W*~3~ = 100 nm, *h* = 50 nm, *d*~1~ = 200 nm, *L*~1~ = 1000 nm, *L*~2~ = 500 nm; (**f**) Schematic illustration of applying the bias voltage.](nanomaterials-08-00665-g001){#nanomaterials-08-00665-f001}

![(**a**) Dependence of chemical potential $\mathsf{\mu}_{c}$ on the bias voltage with h = 50 nm; (**b**) The real and imaginary parts of the effective index of graphene-based surface plasmons (SPs) as functions of the gate voltage $V_{b}$. Distributions of \|*E~z~*\|^2^ in the *x*-*y* plane of the waveguide (*h* = 50 nm, *f* = 30 THz), in the (**c**) OFF and (**d**) ON states.](nanomaterials-08-00665-g002){#nanomaterials-08-00665-f002}

![Distributions of \|*E~z~*\|^2^ in the *x*-*y* plane of the Y-branch switch, in the output logical state of (**a**) "00"; (**b**) "01"; (**c**) "10"; and (**d**) "11".](nanomaterials-08-00665-g003){#nanomaterials-08-00665-f003}

![Distributions of \|*E~z~*\|^2^ in the *x*-*y* plane of the X-branch switch. When the input branches "I" and "II" are ON and OFF, respectively, corresponding to input state of "10", the output branches are in the logical states of (**a**) "01"; (**b**) "10"; and (**c**) "11". When the input branches "I" and "II" are both ON, corresponding to input state of "11", the output branches are in the logical states of (**d**) "00" and (**e**) "11".](nanomaterials-08-00665-g004){#nanomaterials-08-00665-f004}

![Distributions of \|*E~z~*\|^2^ in the *x*-*y* plane of the single-input three-output switch, in the output logical states of (**a**) "100"; (**b**) "010"; (**c**) "010"; (**d**) "011"; (**e**) "110"; (**f**) "101"; (**g**) "000" and (**f**) "111".](nanomaterials-08-00665-g005){#nanomaterials-08-00665-f005}

![Distributions of \|*E~z~*\|^2^ in the *x*-*y* plane of the two-input three-output switch. When the input branches "I" and "II" are ON and OFF, respectively, corresponding to input states of "10", the output branches are in the logical states of (**a**) "100"; (**b**) "010"; (**c**) "001"; (**d**) "110"; (**e**) "101"; and (**f**) "011". When the input branches "I" and "II" are both ON, corresponding to the input state of "11", the output branches are in the logical states of (**g**) "000" and (**h**) "111".](nanomaterials-08-00665-g006){#nanomaterials-08-00665-f006}

![Distributions of \|*E~z~*\|^2^ in *x*-*y* plane of the two-input four-output switch. When the input branches "I" and "II" are ON and OFF, respectively, corresponding to the input state of "10", the output branches are in the logical states of (**a**) "1000"; (**b**) "0001"; (**c**) "1100"; (**d**) "0110"; (**e**) "0111" and (**f**) "0111". When the input branches "I" and "II" are both ON, corresponding to input state of "11", the output branches are in the logical states of (**g**) "0000" and (**h**) "1111".](nanomaterials-08-00665-g007){#nanomaterials-08-00665-f007}

nanomaterials-08-00665-t001_Table 1

###### 

Transmission coefficients of the Y-branch switch at different logical states.

  Output Signal   Transmission Coefficient (%)            
  --------------- ------------------------------ -------- --------
  0               0                              0        0
  1               0                              14.418   0
  0               1                              0        13.872
  1               1                              9.589    13.042

nanomaterials-08-00665-t002_Table 2

###### 

Transmission coefficients of the X-branch switch at different logical states.

  Input Signal   Output Signal   Transmission Coefficient (%)                
  -------------- --------------- ------------------------------ --- -------- --------
  1              0               0                              1   0        9.775
  1              0               1                              0   27.221   0
  1              0               1                              1   36.785   13.004
  1              1               0                              0   0        0
  1              1               1                              1   27.016   49.695

nanomaterials-08-00665-t003_Table 3

###### 

Transmission coefficients of the single-input three-output switch at different logical states.

  Input Signal   Output Signal   Transmission Coefficient (%)                        
  -------------- --------------- ------------------------------ --- ------- -------- -------
  1              1               0                              0   5.557   0        0
  1              0               1                              0   0       58.527   0
  1              0               0                              1   0       0        3.848
  1              0               1                              1   0       70.106   2.011
  1              1               1                              0   2.215   63.966   0
  1              1               0                              1   4.011   0        3.145
  1              0               0                              0   0       0        0
  1              1               1                              1   1.743   54.373   3.835

nanomaterials-08-00665-t004_Table 4

###### 

Transmission coefficients of the two-input three-output switch at different logical states.

  Input Signal   Output Signal   Transmission Coefficient (%)                            
  -------------- --------------- ------------------------------ --- --- ------- -------- -------
  1              0               1                              0   0   6.913   0        0
  1              0               0                              1   0   0       20.86    0
  1              0               0                              0   1   0       0        1.183
  1              0               1                              1   0   1.391   13.566   0
  1              0               1                              0   1   1.29    0        4.502
  1              0               0                              1   1   0       19.722   9.884
  1              1               0                              0   0   0       0        0
  1              1               1                              1   1   6.281   30.536   7.833

nanomaterials-08-00665-t005_Table 5

###### 

Transmission coefficients of the two-input four-output switch at different logical states.

  Control Signal   Output Signal   Transmission Coefficient (%)                                        
  ---------------- --------------- ------------------------------ --- --- --- -------- ------- ------- --------
  1                0               1                              0   0   0   0.157    0       0       0
  1                0               0                              0   0   1   0        0       0       0.172
  1                0               0                              1   1   0   0        0.105   1.394   0
  1                0               1                              1   0   0   1.688    0.161   0       0
  1                0               1                              1   1   0   0.114    0.279   0.01    0
  1                0               0                              1   1   1   0        0.317   0.012   0.026
  1                1               0                              0   0   0   0        0       0       0
  1                1               1                              1   1   1   0.0805   0.376   0.486   0.0886
